Historical catch and effort data collected from tuna longliners during 1962 and 1997 are used to investigate how the spatio-temporal distribution of the two most economically important species of tunas in the Tropical Pacific Ocean (TPO) (i.e. yellowfin Thunnus albacares and bigeye Thunnus obesus) varies with the ocean temperature fluctuations that occur during El Niño/Southern Oscillation (ENSO) events. Relatively high hook rates of both species were mostly associated with regions where sea surface temperature (SST) increased during El Niño or La Niña years. Conversely, relatively low hook rates were associated with regions where SST fell during La Niña years, especially in the eastern TPO. The hook rates of these regions varied concurrently or within 3 months after the onset of an ENSO, as determined by the Southern Oscillation Index (SOI). We speculate that the displacement of the preferable water column and the change in availability of fishing gear during ENSO are the two possible reasons causing the change of hook rates. During El Niño periods, the part of the water column preferred by bigeye tuna was expended in western regions of the eastern TPO and compressed in the east. This appeared to lead to a displacement of bigeye from east to west. During La Niña episodes, yellowfin tuna appeared to undergo a meridian displacement and expend their preferred range northwards.
INTRODUCTION
Unlike most other cold-blooded (poikilothermal) animals, body temperature of tuna is always higher than ambient water temperature. It is difficult to precisely determine the range of their preferred or habitable temperature. However, seasonal variations in water temperature may affect their migration and fishermen use water temperature, especially sea surface temperature (SST), when searching for a fishing location. Inter-annual fluctuation in temperature may disrupt the movements of tuna as well as the fishing fleets. In particular, there is the El Niño/Southern Oscillation (ENSO), which is the largest coupled oceanatmospheric episodic phenomenon in the Pacific Ocean, occurring over a 2-7-year cycle. During ENSO episodes, the seawater temperature structure of the Pacific Ocean changes substantially in space and time as a result of large-scale fluctuations of atmospheric pressures, sea levels, and current patterns. 1, 2 These ENSO episodes cause large alterations in fishing condition of tunas in the Pacific Ocean. In the western Pacific Ocean, warm pool is displaced during ENSO events, and this has led to the skipjack tuna Katsuwonus pelamis fishing ground being spatially shifted by over 6000 km. 3 The poor fishing success rate of American tuna seiners in the Eastern Pacific Ocean during 1982/83 was also due to the effects of a very extended El Niño. 4 Effects
Original Article (Fig. 1) . The catch and effort data collected from the tuna longline fishery is thus an important source of information on the distributional characteristics of adult yellowfin and bigeye tunas. It is known for instance, that due to the different oceanographic conditions, yellowfin tuna dominates the catch of tuna longliners in the western TPO whereas bigeye dominates the catch in the eastern TPO. The present paper explores the extent to which distribution patterns are altered by the large-scale alterations of ocean temperature during ENSO events.
Spatio-temporal distribution of yellowfin tuna

MATERIALS AND METHODS
The catch and effort data (1962-1997) for yellowfin and bigeye tunas provided by SPC used in this study were collected from Japanese, Korean and Taiwanese distant-water longliners. These data were compiled by month into a 5°¥ 5°grid. The 1962-1997 Southern Oscillation Index (SOI), the difference in atmospheric pressure at standard sea level between Tahiti and Darwin, was obtained from the USA NOAA Climate Analysis Center. 1°¥ 1°grid monthly SST data for 1962-1997 were obtained from the Physical Oceanography Distributed Active Archive Center, USA, and averaged into 5°¥ 5°grids to match the format of the catch and effort data. In addition, cross-sectional mixed layer depth (MLD, defined as the depth where temperature decreases more than 5°C within 100 m) 9 at 5°N was plotted from depth and temperature data (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) collected from the Tropical Atmosphere Ocean Arrays (TAO).
The hook rates (fishes/100 hooks) for yellowfin and bigeye tunas show slight declining trends and hook rates for bigeye tuna seems have also been reported in areas outside the zone directly affected by ENSO (the ENSO zone lies between 15°N and 15°S). For example, the annual migration routes for the mature albacore tuna Thunnus alalunga that live in the temperate waters of the North Pacific is extended further in El Niño years than in non-El Niño years according to data collected from Japanese longliners. 5 Data from the Taiwanese longline fleets also suggest that El Niño events result in a significant decline of hook rates of South Pacific albacore, with time lags of 4.5 years and 7 years in latitudes higher than 30°S and latitudes between 10°S and 30°S, respectively. 6 Yellowfin tuna Thunnus albacares, and bigeye tuna T. obesus are the two most economically valuable species targeted by tuna longline fisheries in the Pacific Ocean. For some decades, distantwater longliners from Japan, Korea and Taiwan have been active in the Tropical Pacific Ocean (TPO, i.e. between 15°N and 15°S) where these two species are found. According to the catch and effort data provided by the Secretariat of the Pacific Community (SPC), the Pacific longline catches of bigeye and yellowfin tunas has, respectively, varied between 40 000 and 140 000 metric tons since 1962 ( Fig. 1 ). Among them, bigeye tuna and yellowfin tuna from the TPO account for about 87% and 78% of the respective total catches in the whole Pacific in recent years. 7 Because of the large number of vessels, the scale of the fishing grounds and the wide range of gear deployment depths, the tuna longliners that target these two species have greater spatial coverage than any other tuna fishing methods. Tuna longliners throughout the whole TPO and their fishing gear are usually deployed in the upper layer (< 100 m), but they can also extend to depths > 300 m. 8 In late 1970s, the fleet introduced so-called deep longlining to improve the accessibility of fishing gear to deeper depth where bigeye tuna swims. 8 The numbers of hooks 
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to increase after deep longlining was introduced (see bigeye hook rates from 1980s onwards in Fig.  1 ). However, we assumed that the stock abundance remained constant and the effect from the change in fishing depth is minor when compared with that from the environment. SST and hook rate data for yellowfin and bigeye tunas in each cell in the grid were then averaged from July through to June of the following year, and used in unpaired were not included in this analysis because too many months had missing data. Between 1976 and 1997, for any 5°¥ 5°grid cell for which there were no monthly catch data, an interpolation was conducted with the surrounding nine strata of the same month as well as additional 18 strata of 1 month before and after the original strata. The applied algorithm is as follows:
R¢(x,y,z) is the calculated (i.e. interpolated) hook rate for grid (x,y) in month z (z = 1 for January Fig. 2b . The percentages of interpolated time-series data did not exceed 25% for any cell in the grid. The 252-month hook rate and SST were then, respectively, cross-correlated with SOI for each 5°¥ 5°grid cell.
RESULTS AND DISCUSSION
The (Figs 3b,4b) . The circles show the result of the t-test of the catch rates for bigeye tunas. The black and white circles in Figures 3 and 4 indicate that hook rates are, respectively, higher and lower than in normal years, while the size of the circles indicates correspondingly higher significance levels. Areas with significantly higher hook rates of yellowfin tuna during El Niño years were mainly located east of 155°W in TPO waters where the SST was higher than in normal years (Fig. 3a) . During La Niña years tive, but this lead-time gradually shortened from east to west. In the western TPO, significant positive cross-correlation coefficients were found (Fig.  5a ). Sea surface temperature in this region turned low concurrently or within 3 months prior to the onset of an ENSO episode. Figure 5b shows grid cells around the central TPO where the hook rates of yellowfin and bigeye were negatively crosscorrelated to SOI with a time-lag of 0-3 months (i.e. the hook rates improved either concurrently or within 3 months after the onset of ENSO episodes).
The historical records for the TPO thus seem to suggest that relatively good fishing conditions for both bigeye and yellowfin tunas can be expected shortly after El Niño episodes and that relatively (Fig. 3b) significantly lower yellowfin hook rates were associated with the areas where SST was lower, while significantly higher hook rates were found mostly in regions to the north of the TPO, where the SST was higher during La Niña years. During El Niño years, the grids with relatively high hook rates were mostly found towards the western edge of eastern TPO (Fig. 4a) , while significantly low hook rates of bigeye tuna were associated with the regions where SST is lower during La Niña years, especially in the eastern TPO (Fig. 4b) .
Sea surface temperature in the central and eastern TPO was negatively correlated to SOI (Fig.  5a ). In the eastern TPO, SST become significantly higher 2-3 months before the SOI became nega- bad conditions follow La Niña episodes; and further, that higher hook rates mostly occur in areas where SST rises during El Niño, while lower hook rates are associated with areas where SST drops during La Niña years. However, although changes in hook rate appear to be linked to changes in temperature, the mechanism that causes fishing conditions to be modified by the large-scale fluctuations of seawater temperature structure during ENSO episodes is still not completely understood. We speculate that the displacement of preferable water volume and the change in the availability of fishing gear during ENSO are the two possible reasons causing the change in hook rates. Thus, for instance, during El Niño episodes, warm upper water in the TPO moves eastwards, resulting in a deeper MLD in the eastern TPO and a shallower MLD in the west. Conversely, during La Niña episodes, these movements in the MLD are reversed. Figure 6 shows the mean changes in MLD along a longitudinal cross-section at 5°N during El Niño (1982/83, 1986/87, 1991/92 and 1994/95) and La Niña (1988/89 and 1995/96) periods between 1981 and 1997, and also shows the corresponding mean changes in hook rate for the TPO grid cells between the Equator and 5°N for yellowfin (Fig. 6a) and bigeye (Fig. 6b) . For yellowfin tuna, it was fairly consistent along the entire cross-section (Fig. 6a ) that hook rates were higher during El Niño and lower during La Niña. That is, despite large shifts in the MLD along this meridian, the yellowfin tuna, which prefer to spend most of their time just above the top of the thermocline, [10] [11] [12] show evidence of meridian displacement (i.e. movement from tropical to northern region). The displacement seems to occur during La Niña periods (cf. the low hook rates in Fig. 6a and the higher hook rates in northern latitudes in Fig. 3b ), although again, it is not entirely clear why this should be so.
The adult bigeye tuna (generally > 30 kg) caught by the longline fisheries have a wider tolerance for vertical temperature change, but their preferred depth is primarily below the thermocline. 8, 10, 13, 14 During El Niño episodes, bigeye hook rates between 130°W and 160°W significantly increased ( Fig. 6b; see also Fig. 4a ). This increase probably occurs because of zonal displacement (movement from east to west) as their preferred part of the water column is expanded in the west (and compressed in the east). The raised thermocline during ENSO may also make more fish accessible to the depth limited by fishing gear used by the longliners, although the phenomenon is not as obvious as shown in Fig. 6b . However, even if these explanations are correct, they cannot account for the reduced hook rates to the east of 145°W (Fig. 4b) when the thermocline is raised during La Niña episodes (Fig. 6b) .
The data considered by the present study were on a large spatio-temporal scale, and no in situ data or direct evidence, such as tagging data, were presented. Nevertheless, it seems that changes in the water temperature structure alone cannot directly account for the observed changes in tuna distribution during ENSO episodes, and that other factors, such as stock abundance, oxygen, primary production, and forage, 15 must also play an important role.
